Aims The phenolic composition of Coffea leaves has barely been studied, and therefore this study conducts the first detailed survey, focusing on mangiferin and hydroxycinnamic acid esters (HCEs). † Methods Using HPLC, including a new technique allowing quantification of feruloylquinic acid together with mangiferin, and histochemical methods, mangiferin content and tissue localization were compared in leaves and fruits of C. pseudozanguebariae, C. arabica and C. canephora. The HCE and mangiferin content of leaves was evaluated for 23 species native to Africa or Madagascar. Using various statistical methods, data were assessed in relation to distribution, ecology, phylogeny and use. † Key Results Seven of the 23 species accumulated mangiferin in their leaves. Mangiferin leaf-accumulating species also contain mangiferin in the fruits, but only in the outer (sporophytic) parts. In both leaves and fruit, mangiferin accumulation decreases with ageing. A relationship between mangiferin accumulation and UV levels is posited, owing to localization with photosynthetic tissues, and systematic distribution in high altitude clades and species with high altitude representatives. Analyses of mangiferin and HCE content showed that there are significant differences between species, and that samples can be grouped into species, with few exceptions. These data also provide independent support for various Coffea lineages, as proposed by molecular phylogenetic analyses. Sampling of the hybrids C. arabica and C. heterocalyx cf. indicates that mangiferin and HCE accumulation may be under independent parental influence. † Conclusions This survey of the phenolic composition in Coffea leaves shows that mangiferin and HCE accumulation corresponds to lineage recognition and species delimitation, respectively. Knowledge of the spectrum of phenolic accumulation within species and populations could be of considerable significance for adaptation to specific environments. The potential health benefits of coffee-leaf tea, and beverages and masticatory products made from the fleshy parts of Coffea fruits, are supported by our phenolic quantification.
INTRODUCTION
Coffee (Coffea) is the second most traded commodity after oil, accounting for exports worth an estimated US$15 . 4 billion in 2009/10, when some 93 . 4 million bags were shipped [International Coffee Organization (ICO) , 2011], and has an estimated annual retail value exceeding US$70 billion (Vega et al., 2003; Lewin et al., 2004) . In 2010, total coffee sector employment was estimated at about 26 million people in 52 producing countries [International Coffee Organization (ICO), 2011] . Coffea arabica L. (Arabica coffee) and C. canephora Pierre ex A. Froehner (robusta coffee) are the two species used in the production of coffee, providing approx. 70 and 30 % of commercial production, respectively [International Coffee Organization (ICO) , 2011]. Due to their economic importance, the biochemical composition of Arabica and robusta coffee beans (i.e. seeds; see Materials and Methods) has been extensively studied, because of their implication in taste and cup quality (Belay, 2011) . Less attention has been paid to other Coffea species, of which there are 124 occurring naturally in the Old Word (Davis et al., 2006 Davis, 2011) . Several biochemical studies have focused on wild species, particularly those from Africa and Madagascar, although these works have generally focused on qualitative and quantitative assessments of sugar, lipid, caffeine and esters of hydroxycinnamic acid (HCEs) in green (unroasted) coffee beans (Clifford et al., 1989; Anthony et al., 1993; Campa et al., 2004 Campa et al., , 2005 Dussert et al., 2008) . In contrast to the considerable amount of research on green beans, there are relatively few studies concerned with the metabolite content of the other parts of the coffee plant, such as the leaves (Mondolot et al., 2006; Clifford et al., 2008) , the outer fleshy layers of the fruit (Lopes and Monaco, 1979; Lopes et al., 1984; Lopes and Shepherd, 1991) , and vascularized organs (Mahesh et al., 2007) . Moreover, many of these studies are still focused on the crop species, and most exclusively on HCE content, when analysing phenolic compounds (Lepelley et al., 2007) . Other than Arabica and robusta coffee, only one wild species, C. pseudozanguebariae Bridson, has been studied for its leaf phenolic content. High quantities of esters of feruloylquinic acid (FQA) were first described in fruit, green beans and leaves of this species (Bertrand et al., 2003) , and then a C-glucosylxanthone, mangiferin, was isolated from the leaves (Talamond et al., 2008) . This compound, which was initially isolated from the leaves, bark and peel of mango [Mangifera indica L. (Anacardiaceae)] (Baretto et al., 2008) , is well known for its numerous pharmacological properties such as antiinflammatory, antidiabetic, antihyperlipidaemic and neuroprotective activities (Garrido et al., 2004; Muruganandan et al., 2005; Campos-Esparza et al., 2009) . In plants, mangiferin provides antioxidant and antimicrobial protection upon biotic stress (Franklin et al., 2009 ). More generally, phenolics are involved in the response to biotic and abiotic stresses (Santiago et al., 2000; Read et al., 2009) , mainly due to their antioxidant properties (Moglia et al., 2008; Shahidi et al., 2010; Gallego-Giraldo et al., 2011) . In this way, they may play a role in adaptation to environmental change (Boudet, 2007) and in coevolution with pests and diseases (Orians, 2000; Eyles et al., 2010) . Phenolics could be critical to understanding plant-animal interactions, including those involved in the control of significantly destructive pests. Phenolics also have the potential to elucidate evolutionary history when scored as characters in phylogenetic analyses, as undertaken using other secondary metabolites (Wink, 2003; Dussert et al., 2008) .
Although hydroxycinnamic acids ( p-coumaric, caffeic, ferulic and sinapic acids) exist as a free form in cells, they usually occur in conjugated forms. The most common forms are glycosylated derivatives (Herrmann, 1989; Macheix et al., 1990) and esters of triterpenes (Bolzani et al., 1991) or quinic acid, shikimic acid or tartric acid (Ribereau-Gayon, 1968; Schuster and Herrmann, 1985; Manach et al., 2004) , named HCEs. The esters formed between hydroxycinnamic acids and quinic acid are grouped under the generic name of chlorogenic acids, one of the most widespread in the plant kingdom being 5-O-caffeoylquinic acid (5-CQA), also called chlorogenic acid.
The aim of this study was to undertake a survey of the accumulation of phenolic compounds in the leaves of Coffea species, focusing on mangiferin and HCEs, in order to: (1) better understand the physical and temporal location of mangiferin within Coffea leaves, and make a comparison with accumulation in other plant tissues; (2) test for correlations between the accumulation of mangiferin and HCEs in leaf tissue; (3) assess the geographical and systematic ( phylogenetic) distribution of leaf-accumulated mangiferin and HCEs within Coffea leaf tissue; and (4) briefly investigate the relationships between hybridization and phenolic accumulation (mangiferin and HCEs) in Coffea leaves. The first step in achieving these objectives was to develop a new high-performance liquid chromatography (HPLC) procedure to quantify mangiferin together with FQA. Identification of chemical structures was performed by liquid chromatography -mass spectrometry (LC-MS) analyses on a leaf extract of C. pseudozanguebariae, the first coffee species elucidated as mangiferin accumulating (Talamond et al., 2008) . Mangiferin and HCE content was then evaluated in the leaves of 23 Coffea species (24 taxa), including two hybrids (C. arabica 'Laurina' and C. heterocalyx Stoff. cf.), originating from different localities in Africa and Madagascar (Table 1) , the main centres of Coffea species diversity (Davis et al., 2006 Davis, 2011) . The fruits of three species were tested for the temporal and physical accumulation of mangiferin.
MATERIALS AND METHODS

Taxon sampling and plant material
The level of accumulation of HCEs and mangiferin was concomitantly studied. Experiments were performed on the leaves of 23 Coffea species (Table 1) , representing 40 African genotypes and nine Madagascan genotypes (one genotype per species). Genotypes represent individuals taken as whole plants, seedlings or cuttings from wild populations or cultivation, and gathered under a common accession prefix with different numbers. The biosynthesis of secondary metabolites is largely dependent on environmental conditions, and so we used trees grown under near-identical culture conditions for the African and Madagascan genotypes. In this manner, a valid estimation of the genetic effect on the species diversity of phenolic compounds was possible. For the African species, leaves were collected from two or three genotypes for each species grown in tropical greenhouses (natural daylight, 25 8C night and 28 8C day temperature, 78-82 % relative humidity) at the IRD research centre in Montpellier (France), to replicate the same environment as found in Madagascar and Reunion (see below). For the Madagascan species, leaves were harvested from one tree per species grown at the FOFIFA coffee research station of Kianjavato (Madagascar), where trees are grown in the open ground. Only fully expanded leaves, from the second node below the apex of the growing shoot, were taken for the study of phenolic diversity. To study mangiferin content during leaf development, four species were used: C. arabica, C. canephora, C. eugenioides S. Moore and C. pseudozanguebariae. Leaves were sampled at three developmental stages: stage 1, young leaves from the apex; stage 2, leaves from the first node below the apex; and stage 3, leaves from the second node below the apex. Immediately after harvesting, leaves were weighed and then frozen in liquid nitrogen before being lyophilized for extraction. Fruits from C. arabica were harvested at Reunion Island (IRD collection). All the C. arabica samples used in this study were represented by the cultivar 'Laurina' (Bourbon Pointu). Although this entity is a cultivated mutant, the sequence profile of the species, based on the same markers as Maurin et al. (2007) , is the same as wild origin material (A. Davis, unpubl. data) . Coffea pseudozanguebariae and C. canephora fruits were obtained from the CNRA station (Divo, Ivory Coast). Fruits were sampled at three developmental stages: stage 1 (length ,0 . 7 cm), fruit green with a partially formed seed (immature); stage 2 (length ,1 . 2 cm), fruit yellowish green, pericarp (exocarp, mesocarp, endocarp) easily detached from the seed (semi-mature); and stage 3 (length .1 . 2 cm), fruit reddish yellow, pericarp easily detached from the seed (mature). Except for stage 1, the pericarp was isolated from the seed and each part was pooled (up to five fruits per species, per stage), weighed, and frozen in liquid nitrogen until extraction. Coffee beans are the seeds of the coffee fruit, the bulk of which is made up of endosperm. The fruit skin (exocarp), the fleshy part of the fruit (mesocarp), and the parchment, which is the crustaceous pyrene coat (endocarp), are all removed during processing.
Phenolic extraction
Extraction was performed using sonication (20 min, room temperature, 24 kHz, R.E.U.S-GEX 180, Contes, France) in 6 mL of MeOH/H 2 O (80:20, v/v) of 25 mg of plant material (lyophilized leaves or frozen fruits ground under liquid nitrogen with a mortar and pestle). After centrifugation (5 min, 5000 rpm), the methanol extract was collected and filtered (Millipore, 0 . 25 mm porosity) before analysis. Each extraction was realized in triplicate for leaves and fruit samples. Each sample was characterized by its mean content of mangiferin and HCEs, expressed as a percentage of fresh or dry weight. 
Electrospray-mass spectrometry analysis of the samples
Electrospray-mass spectrometry (ESI-MS) was performed on a binary HPLC system (Waters 1525 m, Waters, Manchester, UK) coupled with a Waters Micromass ZQ ESCi multimode ionization mass spectrometer (Micromass Ltd, Manchester, UK) . Separation was performed on an XTerra MS C18 column (3 . 5 mm particle size, 2 . 1 mm × 100 mm) kept at 40 8C in a thermostatic oven (Gecko 2000, Cluzeau Info Labo, France) with a binary mobile phase gradient delivered at a total flow rate of 210 mL min 21 . The mobile phase was composed of permuted water (solvent A) and acetonitrile (solvent B), both phases acidified by 0 . 1 % (v/v) formic acid in order to prevent the ionization of phenolic acids. The gradient profile evolved linearly from 5 % B to 40 % B in 40 min, increased exponentially to 100 % B from 40 to 50 min. After 5 min of isocratic elution at 100 % B, the mobile phase composition returned to 5 % B with 5 min re-equilibration.
The source and capillary were heated at 80 and 450 8C, respectively, and the capillary voltage was set to 3 . 0 kV. Nitrogen was used as the desolvatation gas (400 L h 21 ) and cone gas (50 L h 21 ). Spectra were acquired and accumulated over 60 s in the full scan mode over the m/z 50 -1200 range, in both the negative and positive modes at cone voltages of -25, -60, +25 and 60 V, successively. Absorbance spectra over the range of 210-800 nm were acquired using a Waters 996 Photodiode Array Detector. Absorbance and mass spectra were handled using MassLynx 3 . 5 software (Micromass Ltd). The sensitivity of the mass spectrometer was optimized using the chlorogenic acid standard. 5-O-caffeoylquinic acid, mangiferin and 5-metoxyflavone were provided by Sigma-Aldrich (Buchs, Switzerland). Clifford et al. (2008) showed that Coffea leaves had a proportionately greater content of cis-isomers relative to trans-isomers, compared with coffee beans, suggesting that UV-irradiation in vivo may also cause geometric isomerization. In our study, we noticed the presence of cis-isomers, especially in leaves of cultivated species grown outdoors during daylight hours, and returned to greenhouses after dark. In these cases cis-isomers never exceeded 10 % of the CGA content, and we decided to ignore these compounds for our study because: (1) most of the samples used in this study (all except those from Madagascar) were cultivated in greenhouses with very little or no UVb, and correspondingly very low quantities of cis-isomers; and (2) the Madagascan samples, which are cultivated outdoors, have CGAs in such low quantities that the cis-isomers are not quantifiable.
Phenolic quantification of samples
Quantification was carried out on 10 mL of extract using a HPLC system (Shimadzu LC 20, Japan) equipped with a photodiode array detector and consisting of a Eclipse XDB C18 (3 . 5 mm) column (100 mm × 4 . 6 mm, Agilent). The elution system (0 . 6 mL min 21 ) involved two filtered (0 . 2 mm pore size filter), sonicated and degassed solvents, namely solvents A (water/acetic acid, 98:2, v/v) and B (H 2 O/MeOH/ acetic acid, 5:90:5 v/v/v). The linear gradient was: 0 min, 18 % solvent B; 0 -5 min, 25 %; 5 -8 min, 36 %; 8 -10 min, isocratic; 10-13 min, 58 %; 13-16 min, 62 %; 16-21, 18 %; isocratic, 18 % till 25 min.
The calibration curve was plotted using three replicate points of standard solutions of mangiferin and 5-CQA from Sigma-Aldrich (St Louis, USA), and 3,5-dicaffeoylquinic acid (3,5-diCQA), a gift from Professor Andary {extracted from sunflower [Helianthus annuus L. (Asteraceae)], Laboratory of Natural Substances, Faculty of Pharmacy, Montpellier} at 10, 25, 50, 75 and 100 mg mL -1 . Identification was performed by comparing spectra and retention times at 280, 320 and 360 nm. Quantification of mangiferin, 3-, 4-and 5-CQA, FQAs and 3,4-, 3,5-and 4,5-diCQA was undertaken at 320 nm by comparison with mangiferin, 5-CQA and 3,5-diCQA standards. The technique for FQA and mangiferin quantification is new, and is reported here for the first time. Except for seeds in which content was expressed as a percentage of fresh weight (g 100 g 21 f. wt), compound content was expressed as percentage of dry weight (g 100 g 21 d. wt).
Histochemical analysis
Small pieces of freshly collected Coffea leaves or fruits were embedded in 3 % agarose (type II EEO, Panreac) before cutting for histochemical examination. Cross-sections (40 mm) were obtained using a Leica VT 1000S vibrating blade microtome (frequency 7, speed 2). For mangiferin histolocalization, cross-sections were mounted in distilled water without any reagent. Transverse sections of specimens were viewed under a light microscope (Nikon Optiphot) with UV light (filter UV-1A: 365 nm excitation filter). In these conditions, mangiferin presents a strong yellow autofluorescence. Photographs were taken with a digital Nikon Coolpix 4500 camera.
Statistical analyses
All results were analysed using the Statistica software package (7 . 1 version, USA). The primary variables are: 3-CQA, 3-caffeoylquinic acid; 4-CQA, 4-caffeoylquinic acid; 5-CQA, 5-caffeoylquinic acid; 3,4-diCQA, 3,4-dicaffeoylquinic acid; 3,5-diCQA, 3,5-dicaffeoylquinic acid; 4,5-diCQA, 4,5-dicaffeoylquinic acid; FQAs, sum of 3-, 4-and 5-feruloylquinic acid; and mangiferin. Secondary variables were: CQAs, sum of the isomers of CQA; and HCEs, sum of the isomers of CQA and FQA. Statistical analysis was used to examine between-species variation, which was tested using one-way analysis of variance (ANOVA) with fixed effect. When the F-test was significant, a Newman and Keuls test was carried out to compare means. Standard deviations were computed from the residual mean square, the latter being the best estimate (unbiased and accurate) of the residual variance. Linear regression was performed to highlight relationships between some HCE isomers. Hierarchical clustering analysis (with weighted average grouping method and Euclidian distance as parameters) and principal component analysis (PCA) were applied to data in order to identify clusters and similarities between samples and species.
Clade and geographical terminology
The terminology for area-based clades largely follows Maurin et al. (2007) : Upper Guinea (UG) clade, Lower Guinea/Congolian (LG/C) clade, East-Central African (EC-Afr) clade, East African (EA) clade; and Anthony et al. (2010) and Davis et al. (2011) : Africa/Indian Ocean (A/IO) clade. The humid West and Central African forests are contained within the Guineo-Congolian Regional Centre of Endemism (White, 1983) . Within this major region there are three sub-centres of endemism for humid forest species: (1) Upper Guinea; (2) Lower Guinea; and (3) Congolian (White, 1979) . For practical purposes, the sub-centres (2) and (3) are often merged as the Lower Guinea/Congolian region, and this convention has been followed here. There are three exceptions to the area -clade relationship outlined by Maurin et al. (2007) . Coffea canephora and C. liberica, (members of the LG/C clade) also occur in the Upper Guinea region; and C. anthonyi Stoff. & F.Anthony (a member of the EC-Afr clade) occurs in the Lower Guinea/Congolian region. The East-Central Africa area is comparable with the Lake Victoria Regional Mosaic [including most of Uganda, the whole of eastern Rwanda and Burundi, and small parts of Zaire, Kenya and Tanzania (White, 1983) ], a predominantly high altitude region formed by the uplift of the Great Rift Valley. Coincidently, the vegetation of this area is 'a meeting place of five distinct floras' (White, 1983) , including the Guineo-Congolian flora, and this may help to explain the relationship (EC-Afr clade; Maurin et al., 2007; Davis et al., 2011) of C. anthonyi with the high altitude East-Central Africa species, C. eugenioides and C. kivuensis Lebrun.
RESULTS
Identification of mangiferin and HCEs
The HPLC quantitative method described herein allowed the separation of chlorogenic acids (CQAs, diCQAs and FQAs) and mangiferin in a methanol extract of C. pseudozanguebariae leaves ( Fig. 1 ). Based on their retention time and UV absorbance spectra, the four different peak families were determined. Except for FQAs, all the compounds detected can be quantified, although mangiferin and an FQA isomer ( peak 4 and 5) presented quite similar retention times (9 . 95 and 10 . 17 min, respectively). It was difficult to state the nature of FQA isomers in the absence of standards. We have therefore chosen to express FQA content as FQAs, cumulating 4-and 5-FQA content when both were presented (3-FQA was generally undetectable), without specifying the nature and the proportion of each isomer. Isomangiferin ( peak 4 ′ ) was detected at 12 . 58 min. Because it was often present in trace amounts, this compound was not taken into account.
An analysis by ESI-MS was conducted to identify with certainty the compounds accumulated in the leaves but also in fruits ( Table 2 ). An elution profile identical to that obtained by the HPLC quantitative method allowed the observation of nine major peaks by separation on an XTerra MS C18 column. Peaks 1, 2 and 3 shared typical chlorogenic acid (5-CQA) UV absorbance spectra with a shoulder at 240 nm and maxima at 324 nm. , respectively. Peak 2 was assigned to 5-CQA as it co-eluted with chlorogenic acid standard and exhibited the same fragmentation pattern . The very low m/z 173 relative intensity of peak 1 compared with peak 3 indicated that peak 1 can be assigned to 3-CQA and peak 3 to 4-CQA. Peak 4 showed the absorbance spectra of the mangiferin standard, with peaks at 241, 258, 318 and 366 nm and a shoulder at 275 nm within the acidified water/acetonitrile eluent. It exhibited the pseudomolecular parent ion m/z 423 [M + H]+ and 421 [M-H] -at a retention time of 16 . 26 min. In our system, the mangiferin standard gave the same fragmentation pattern as that obtained using the API 4000 LC-MS/MS system (Suryawanshi et al., 2007) . In negative mode, the m/z 421 [M-H] 2 parent ion yielded to fragment ions at m/z 403, 331, 301, 273 and 259. The fragment ion at m/ z 301 corresponded to glycoside lost [mangiferin-H-120] 2 and at m/z 273 to a supplementary [-CH 2 O] lost.
Peaks 5 and 6 (as the latter was not detected in leaf samples, it is not shown in Fig. 1 ) exhibited typical UV spectra of Absorption profile obtained at 320 nm using the technical conditions for quantitative analysis. Peak 1 ¼ 3-caffeoylquinic acid (3-CQA); peak 2 ¼ 5-caffeoylquinic acid (5-CQA); peak 3 ¼ 4-caffeoylquinic acid (4-CQA); peak 4 ¼ mangiferin; peak 4' ¼ isomangiferin; peak 5 ¼ 5-feruloylquinic acid (5-FQA); peak 6 ¼ 4-feruloylquinic acid (4-FQA); peak 7 ¼ 3,4-dicaffeoylquinic acid (3,4 diCQA); peak 8 ¼ 3,5-dicaffeoylquinic acid (3,5-diCQA); and peak 9 ¼ 4,5-dicaffeoylquinic acid (4,5-diCQA). The absorption spectrum between 200 and 400 nm is indicated for mangiferin (A) and FQA (B Kuhnert et al. (2011) reported the presence of numerous minor chlorogenic acids in C. canephora beans, based on sinapic or methoxycinnamic acids. We also observed some of these secondary metabolites in C. canephora and C. pseudozanguebariae (their retention times are close to those of FQAs), although their concentrations were very low and content comparison between species was difficult.
Mangiferin localization in leaf and fruit tissues
Histochemical observations for the localization of mangiferin in leaves and fruits were performed on three species: C. pseudozanguebariae, C. arabica and C. canephora.
Leaves. Based on mangiferin autofluorescence properties, histochemical observations revealed a preferential localization of mangiferin in palisade and spongy (mesophyll) parenchyma of C. pseudozanguebariae leaves (Fig. 2A1 ). In comparison, the same transverse sections of leaves indicated that mangiferin is absent in C. canephora (Fig. 2A2) , but present at a low concentration in C. arabica (Fig. 2A3 ).
Fruits. The intense yellow autofluorescence observed in the cells of the exocarp (outer fruit wall or skin) and the external layers of the mesocarp (soft, pulpy layer of the fruits) of young green fruits of C. pseudozanguebariae indicate a high content of mangiferin ( Fig. 2B1 ). Mangiferin was not detected in the green fruit of C. canephora (Fig. 2B2 ). In C. arabica, mangiferin was weakly accumulated and preferentially localized in cells from the exocarp and external mesocarp ( Fig. 2B3) , as in C. pseudozanguebariae. Mangiferin was entirely absent from the seeds and endocarp ( pyrene layer, or 'parchment') of the three species examined (Fig. 2B4 ).
Quantitative evaluation of mangiferin during leaf and fruit ageing
Mangiferin content was evaluated in leaves and fruits at different development stages. The study was undertaken on the same three species used in the histochemical observations (see above) plus C. eugenioides, one of the parent species of C. arabica, the unique amphidiploid species originating from hybridization between C. eugenioides and C. canephora (Lashermes et al., 1999; Maurin et al., 2007) .
Leaves. In C. pseudozanguebariae, C. eugenioides and C. arabica, mangiferin was present at each development stage, but was not detected in C. canephora (Table 3) . When present, mangiferin content decreased with leaf ageing [about 30 % less mangiferin content between young leaf (from the apex) and mature leaf (from node 2)]. Irrespective of the developmental stage, the highest mangiferin content was observed in leaves of C. eugenioides.
Fruits. Mangiferin content was evaluated for the same species as above, except C. eugenioides, in fruits at different growth stages. As previously indicated by histochemical observations, quantitative analysis confirmed that mangiferin was actually present at all stages of development in the fruit of C. pseudozanguebariae and C. arabica (Table 4 ). In entire fruits from stage 1, mangiferin content was 5-fold lower in C. arabica than in C. pseudozanguebariae, where the average content of mangiferin is approx. 1 . 15 % of the fresh fruit weight. Mangiferin was not detected in the fruit of C. canephora. Even at the later stages of fruit maturity, a separate analysis revealed that mangiferin continued only to accumulate in the endocarp and outer layers of the mesocarp, and not the pyrene coat (endocarp) or the seed (mostly endosperm). As with leaves, mangiferin content decreased with ageing (maturity); stage 2 and 3 had .3-fold less mangiferin compared with stage 1.
Mangiferin and HCE content in leaves of wild coffee species
Mangiferin and HCE contents were analysed by liquid chromatography in mature leaves (taken from the second node below the apex of the shoot) of 49 genotypes belonging to 23 species originating from different regions of Africa and Madagascar (Table 1 ). The nine selected compounds were readily identified in the chromatograms (Table 5 ).
Mangiferin content. Seven of the 15 African species accumulated mangiferin in their leaves ( (stage 1), showing that mangiferin is extremely concentrated in the exocarp and mesocarp cells. Coffea canephora (B2), no mangiferin accumulated. Coffea arabica 'Laurina' (B3 and B4) mangiferin accumulation appears to be vacuolar and restricted to exocarp and external mesocarp cells (arrows) in young fruits. There is no mangiferin detected in the endocarp, integument (seed coat) and seed. Abbreviations: c, cuticle; chl, chlorophyll; e, epidermis; en, endocarp; ex, exocarp; in, integument; m, mesocarp; pp, palisade; s, seed; sp, spongy parenchyma (mesophyll). Stage 1 corresponds to leaves from the apex; and stages 2 and 3 to leaves from the first and second node from the apex, respectively. Values are expressed as a percentage of dry weight (% d. wt) and corresponded to the mean between three trees evaluated in triplicate. HCE content. Among HCEs, the three isomers of CQA were the only compounds accumulated in the leaves of all species examined, FQAs and diCQAs being exclusive to individual species (Table 5 ). The HCE composition of C. canephora leaves was in agreement with previous results concerning the biosynthesis pathway of CQAs in C. canephora seedlings (Mahesh et al., 2007) . That is, in mature leaves of C. canephora from Cameroon, the total CQAs represents about 2 % d. wt and .80 % of the content in HCEs. The average dry weight of the total HCE content varied from 0 . 85 % (C. sessiliflora) to 3 . 96 % (C. arabica) in the leaves of African species, and from 0 . 64 % [C. resinosa (Hook.f.) Radlk.] to 2 . 02 % (C. leroyi A.P.Davis) for the Madagascan species tested. CQAs were the major HCEs accumulated in the leaves of all the species examined. These two compounds (3-and 5-CQA) accounted for .80 % of the HCEs, except for two species: C. stenophylla G.Don, an African species from the Upper Guinean forests, and C. andrambovatensis J.-F. Leroy, a species from Eastern Madagascar. Both species were characterized by ,62 % of HCEs in the form of CQAs, and a FQAs content higher (0 . 74 and 0 . 36 % d. wt, respectively) than that of 5-CQA (0 . 48 and 0 . 33 % d. wt). As in numerous other plants, 5-CQA appeared as the most abundant CQA isomer in Coffea species, except in C. augagneuri Dubard, a Madagascan species in which 4-CQA is preferentially accumulated. FQAs were not detected in .60 % of the genotypes, including C. pseudozanguebariae. Only five species presented FQAs content .0 . 1 % d. wt: C. arabica (0 . 12 %), C. humilis (0 . 18 %) and C. stenophylla (0 . 74 %) for African species, and C. leroyi (0 . 31 %) and C. andrambovatensis (0 . 36 %) for Madagascan species. DiCQAs accumulated weakly, but were detected in 90 % of the species. When evaluated, total content varied from 0 . 001 to 0 . 370 % d. wt in C. anthonyi and C. canephora leaves, respectively, and diCQAs were not detected in the leaves of C. stenophylla (from Africa) and C. millotii (from Madagascar). For the 20 species containing diCQAs, total content ranged from 0 . 61 % (C. tsirananae, a Madagascan species) to 13 . 12 % (C. canephora, an African species) of HCEs. For all the species, except C. augagneuri, 3,4-diCQA appeared as the minor isomer.
Statistical analyses
For each of the phenolic compounds analysed, interspecific variability was considerable, as estimated by the interspecific maximum/minimum ratio, which varied from 4 for 5-CQA (from 3 . 2 % for C. arabica, to 0 . 64 % for C. humilis), and 620 for mangiferin (from 16 . 36 % for C. salvatrix to 0 . 03 % for C. sessiliflora). There was a significant effect of species, as tested by ANOVA. A Newmann and Keuls test applied to the means of the African species indicated that the 5-CQA content of C. arabica was significantly greater than that of all other species (Table 5 ). In the same way, the FQA content of C. stenophylla and the 3,4-diCQA content of C. canephora were significantly higher compared with the other species. Differences were highly significant with mangiferin, so that values can be considered as species specific, i.e. C. anthonyi and C. salvatrix (Table 5) . No particular relationship could be established between the content in the different compounds studied, except for 3-CQA and 4-CQA which showed a weak linear relationship (Fig. 3) , although five African species did not present this relationship: C. arabica, C. heterocalyx cf., C. racemosa, C. salvatrix and C. stenophylla.
When species were grouped according to their position within recent phylogenetic analyses of Coffea (Maurin et al., 2007; Anthony et al., 2010; Davis et al., 2011; see Table 1 ) and analysed statistically, the following groups were found to be significantly different for mangiferin accumulation (Table 6 ): (1) C. anthonyi, C. eugenioides (EC-Afr clade); and (2) C. pseudozanguebariae, C. salvatrix (EA[2] clade). For HCE distribution, the following groups were supported:
(1) C. anthonyi, C. eugenioides (EC-Afr clade), on the basis of 5-CQA and total CQAs; and (2) C. humilis and C. stenophylla (UG clade), for FQAs (Table 6) . A clustering analysis of all African species was performed using all HCE data (CQA isomers, FQAs and diCQA isomers) as variables.
Analyses using hierarchical clustering analysis, e.g. on all samples (49 genotypes), all African (40 genotypes) (neither analyses shown here), and those undertaken below, revealed weak correspondence with phylogenetic topologies based on parsimony and Bayesian analysis of molecular data (Maurin et al., 2007; Anthony et al., 2010; Davis et al., 2011) . At the species level, however, clustering was remarkably good. In the separate analyses presented here, which are based on the major lineages of Coffea (Maurin et al., 2007; Anthony et al., 2010; Davis et al., 2011) , the clustering ability of HCEs at the species and population level is clearly demonstrated. In Fig. 4A , which incorporates taxa from the Upper and Lower Guinea/Congolian regions (White, 1979 (White, , 1983 and two hybrids, only one sample of C. liberica var. dewevrei Stage 1 corresponds to the first stage of development of the perisperm; stage 2 to the completion of the development of the endosperm; and stage 3 to pericarp maturation; or ST1, ST5 and ST6 stages according to De Castro and Marraccini (2006) , respectively. Content is expressed as a percentage of fresh weight (% f. wt). Evaluations have been made in triplicate on five entire fruits for the first stage, and on fruit fragmented between seeds and pericarp for stages 2 and 3. Means followed by the same letter were not significantly different at P ¼ 0 . 05 according to the Newman and Keuls test. n ¼ number of genotypes studied per species (or origin for C. canephora). CQA, total content in caffeoylquinic acid isomers; FQAs, total content in feruloylquinic acids; diCQA, total content in dicaffeoylquinic acid isomers; HCE, hydroxycinnamic acid esters, total content in CQA, FQA and diCQA. F and P. results of one-way analyses of variance.
Cam, Cameroon; Con, Congo. fails to cluster; the samples of C. canephora cluster according to their geographical origin (Congo and Cameroon). In Fig. 4B , using taxa from East Central Africa and East Africa, only two species do not cluster (C. anthonyi and C. salvatrix). In other analyses (not shown), e.g. all African samples, all samples of C. liberica (var. liberica and var. dewevrei) cluster according to their varietal designations.
A PCA undertaken on all African species using the seven HCE primary variables (Fig. 5 ) showed that two principal components have an eigenvalue of .1, and accounted for 39 and 32 % of the total variance, respectively. The score plot obtained for principal components 1 and 2 individualized eight species: C. anthonyi, C. arabica, C. canephora, C. eugenioides, C. racemosa, C. salvatrix, C. sessiliflora and C. stenophylla. Coffea canephora and C. racemosa genotypes were characterized by a high 3-CQA content, C. stenophylla by a high FQAs content, and C. eugenioides and C. anthonyi by high 5-CQA contents. The remaining species in the PCA analysis overlap with respect to their CQA, FQA and HCE profiles to a greater (C. heterocalyx cf. and C. liberica) or lesser (C. congensis and C. humilis) extent. In a PCA analysis including the Madagascan species (not shown) it was clear that they exhibited the lowest diversity for HCEs, and this was manifest by their distribution in the centre of the PCA plot.
DISCUSSION
The accumulation of mangiferin in Coffea species
Mangiferin, a C-glucosylxanthone, has been recently described in leaves of the wild Coffea species C. pseudozanguebariae (Talamond et al., 2008) . The present work confirms this result by a double analysis involving a new HPLC technique and LC-MS. In contrast to the study of Bertrand et al. (2003) dealing with FQA content of leaves and fruits in C. pseudozanguebariae, only traces of FQAs were recorded in leaves in which mangiferin was highly concentrated. Our analysis of fruit content in this species showed that mangiferin was present in the exocarp and mesocarp, and yet was undetectable in the endocarp ( parchment) or the coffee bean (i.e. seed). The same result was obtained with one of the other leaf mangiferin-accumulating species, C. arabica (Table 4 ). In C. canephora, the absence of mangiferin in leaves corresponds to the absence of this compound in the fruit. Our data clearly demonstrate that mangiferin is differentially accumulated in separate organs of the coffee plant. In species that accumulate mangiferin, this compound is found in the leaves and outer layers of the fruit (exocarp and outer mesocarp) but not in the seed (or endocarp; see above), which is largely composed of endosperm. The differential accumulation within the fruit could be linked to origin, the endosperm being formed by the fertilization of maternal tissue, whereas the outer layers of the fruit are composed of vegetative (sporophytic) tissue of the inferior fruit (i.e. the receptacle). Another possibility is that mangiferin production is only associated with photosynthetic tissue, the receptacle and young fruit being green and photosynthetic; the internal parts of fruit (e.g. the ovary) not. Presumably, in mangiferinaccumulating species, the embryonic cotyledons contain no mangiferin and accumulation starts at a later leaf stage.
As most of the earlier biochemical analyses of Coffea have been undertaken on seeds, the lack of accumulation of mangiferin in this organ may explain why the compound has only been reported in a single species of Coffea, i.e. C. pseudozanguebariae, when the leaves were being studied (Talamond et al., 2008) . In the analysis of leaf mangiferin content carried out here on 23 Coffea species (24 Coffea taxa; Table 5 ), seven African taxa were found to accumulate mangiferin: C. anthonyi, C. arabica, C. eugenioides, C. heterocalyx cf., C. pseudozanguebariae, C. salvatrix and C. sessiliflora. Coffea salvatrix and C. anthonyi accumulated the greatest quantities (16 . 36 and 12 . 06 % d. wt, respectively), which represents higher levels of mangiferin than have been detected in the leaves of mangoes, i.e. approx. 10 % d. wt (Baretto et al., 2008) .
Systematic distribution of mangiferin in Coffea species
Comparison of leaf mangiferin content among 23 Coffea species (24 taxa), represented by 49 genotypes, shows that the level of mangiferin accumulation in leaves at the same growth stage is species specific in three species, C. anthonyi, C. eugenioides and C. salvatrix. These data agree with the morphological delimitation (Bridson, 1988; Stoffelen et al., 2009) and molecular characterization of these species (Maurin et al., 2007; Anthony et al., 2010; Davis et al., 2011) , in that they represent distinct species. The presence/ absence of mangiferin in leaves is also in good agreement with molecular phylogenetic studies of Coffea, as detailed below. The clade designation of each of the 24 taxa tested is shown in Table 1 (see also 'Clade and geographical terminology', above); a statistical analysis of the accumulation of mangiferin for each clade is shown in Table 6 . Among the five non-hybrid African species, C. anthonyi and C. eugenioides belong to the EC-Afr clade, and C. pseudozanguebariae, C. salvatrix and C. sessiliflora belong to the EA clade. Coffea pseudozanguebariae, C. salvatrix and C. sessiliflora are further divided into the two distinct EA clades reported by Maurin et al. (2007) : EA[2] (C. pseudozanguebariae and C. salvatrix) and EA[3] (C. sessiliflora), EA[2] being a predominantly midto high altitude East African clade, and EA[3] a predominantly low altitude East African clade (Davis et al., 2006; Maurin et al., 2007) . As all the above clades have a strong geographical element, based on species/sample distribution, the mangiferin data are also aligned with the provenance of these African coffee species, at least in the species that we have sampled. The phylogenetic position of C. anthonyi, a species from the Lower Guinea/Congolian Region (Stoffelen et al., 2009 ) but located in the EC-Afr clade , violates an area-clade relationship, but, significantly, its phylogenetic position is supported by the mangiferin accumulation. Additionally, it is reported that East-Central Africa (comparable with the Lake Victoria Regional Mosaic) is a meeting place of five distinct floras (White, 1983) , including the Guineo-Congolian flora (White, 1983) . It should also be said that the exact provenance details for C. anthonyi are not yet fully known, and further work on the precise geographical distribution of this species is required.
Our sampling of major clades across the Coffea genus is not complete: material from Asian and Australasian clade, and the Mascarene clade is lacking and, in addition, sampling within some clades is limited, except for the EC-Afr clade and the UG clade. Despite these sampling limitations, the accumulation of mangiferin shows a consistent pattern of phylogenetic correlation, being restricted to the 
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Means followed by the same letter were not significantly different at P ¼ 0 . 05 according to the Newman and Keuls test. n ¼ number of genotypes studied for each biogeographic origin according to Maurin et al. (2007) and Davis et al. (2011) . F and P, results of one-way analyses of variance.
Clade terminology abbreviations: EA, East African clade (number in square brackets denote the three major clades within the EA clade); EC-Afr, East Central African clade; IO, Indian Ocean clade;
LG/C, Lower Guineae/Congolian clade; UG, Upper Guinea clade. Table 5 ). (A) Taxa from the Upper and Lower Guinea/Congolian regions (White, 1979 (White, , 1983 , and the hybrids C. arabica 'Laurina' and C. heterocalyx cf. (B) Taxa from East Central Africa and East Africa. (see Tables 1, 5 and 6, and text, for details).
EC-Afr clade (Lake Victoria Regional Mosaic) and the EA clade (East Africa).
In the analyses of Maurin et al. (2007) and Davis et al. (2011) , the phylogenetic position of the UG clade (Upper Guinea species: C. humilis, C. stenophylla, C. togoensis A.Chev.) is incongruous, being placed with Lower Guinea/ Congolian (LG/C clade) species in their internal transcribed spacer (ITS) region analyses and with the EC-Afr clade and EA clade with plastid data. We demonstrate here that the absence of mangiferin in the UG clade (i.e. C. stenophylla and C. humilis) is in agreement with the ITS analyses, which is logically consistent with geographical distance and phytogeographical distribution (White, 1979 (White, , 1983 .
The lack of mangiferin in the early diverging lineages of Coffea (Maurin et al., 2007; Davis et al., 2011; M. Nowak et al., unpubl. data) , represented here by C. mannii (from the 'African Psilanthus clade'; Davis et al., 2011) and the LG/C clade, infers that the accumulation of mangiferin is a derived characteristic within Coffea, as it is only found in clades of more recent origin. Reduction or loss of mangiferin accumulation would have to be invoked in order to explain the absence (i.e. C. racemosa) and low level of accumulation (i.e. C. sessiliflora) in the EA[3] clade, and the absence in the Indian Ocean (I/O) clade (i.e. the Madagascan species), perhaps in response to the different environmental conditions in these low altitude species and clades.
The accumulation of HCEs in Coffea species
All of the HCEs identified here as present in Coffea leaves have also been identified in green (unroasted) coffee beans (Anthony et al., 1993; Campa et al., 2008) . In leaves, the total amount of accumulated HCEs is highest in C. arabica (3 . 96 % d. wt) and its progenitor species, C. canephora (2 . 46 % d. wt) and C. eugenioides (3 . 07 % d. wt). This is not the case for green beans of these species, even though the values are among the highest in Coffea (Anthony et al., 1993; Campa et al., 2008) . Specific comparison between HCE accumulation in leaves and green beans is not possible due to differences in taxonomic sampling and experimental procedures, although it is clear that accumulation values in both leaves and green beans for the HCEs are much higher in African species when compared with Madagascan species.
Systematic distribution of HCEs in Coffea species
Total CQA and 5-CQA (Table 5 ) convincingly groups the species C. anthonyi and C. eugenioides even though the amounts within each of these species are significantly different (Fig. 5) . This corresponds to the placement of these species into the EC-Afr clade based on sequence data (Maurin et al., 2007; Davis et al., 2011) , and the same grouping based on mangiferin accumulation (Table 5 ; see above). FQA accumulation supports the paring of C. humilis and C. stenophylla, which agrees with the molecular placement of these species into the UG clade (Maurin et al., 2007; Anthony et al., 2010; Davis et al., 2011) . As with the mangiferin data, HCE accumulation supports a distinction between the UG clade and the EC-Afr clades (see above; Fig. 5 ). Hierarchical cluster analysis of all samples for the HCE data (not shown) Table 5 ). shows the Upper Guinea species clustering with the Lower Guinea species. Low values for most HCEs in the representatives of Madagascan species, observed in PCA analyses (not shown) as points clustered around the crossing point of the axes, support separation of these taxa from African Coffea. The separation of Madagascan from African Coffea species on the basis of low levels of HCE accumulation in green beans of Coffea has been reported by Anthony et al. (1993) and Campa et al. (2005) . Phenolic data for both leaves and green beans thus support the assumption based on molecular results (Anthony et al., 2010; Hamon et al., 2011) that the Madagascan species represent a monophyletic lineage within Coffea. In addition, the presence of other families of phenolics has been identified in Madagascan species (Rakotomalala, 1992) . Further analysis is underway to determine the nature of these compounds and include them in future analysis of biochemical diversity (A. Rakotondravao, unpubl. data). The generally low interspecific phenolic diversity of the Madagascan species, compared with the phenolic diversity across the genus, is comparable with low DNA sequence diversity obtained in molecular phylogenetic studies (Maurin et al., 2007; Anthony et al., 2010) . It has been suggested that the Madagascan species, excluding the baracoffea alliance (Davis and Rakotnasolo, 2008; M. Nowak, unpubl. data) , represent a recent radiation within Coffea (Maurin et al., 2007; Anthony et al., 2010) .
Like mangiferin, HCEs have the ability to cluster species based on multiple samples (Table 5 ; Figs 4 and 5). For example, in the PCA analysis (Fig. 5) , eight species are individualized based on seven HCE variables: C. anthonyi, C. arabica, C. canephora, C. eugenioides, C. racemosa, C. salvatrix, C. sessiliflora and C. stenophylla. These results are comparable with the discriminatory ability of fatty acid and sterol composition of seeds to group Coffea accessions into species groups (Dussert et al., 2008) . The leaf HCE data also separate geographical samples of C. canephora: samples from the Congo share a more similar HCE profile with C. arabica, compared with representatives of the same species from Cameroon. This is consistent with geographical proximity, and possibly genetic similarity, given that C. canephora is implemented in the hybrid origin of C. arabica (Lashermes et al., 1999; Maurin et al., 2007) .
The effects of hybridization on mangiferin and HCE accumulation
The sampling of two well-documented Coffea hybrids, C. arabica and C. heterocalyx cf., provides an opportunity for a preliminary study of the effects of hybridization on mangiferin and HCE accumulation. Coffea arabica is an allotetraploid, formed via the hybridization of C. eugenioides, a high altitude species from the EC-Afr clade, and C. canephora, a low to mid-altitude species from the LG/C clade. Coffea arabica is placed in the EC-Afr clade (i.e. with C. eugenioides) with ITS data (Lashermes et al., 1997; Maurin et al., 2007) and the LG/C clade (with C. canephora) with plastid data (Cros et al., 1998; Maurin et al., 2007) . Coffea heterocalyx cf. (¼ C. sp. X of Lashermes et al., 1997; Cros et al., 1998;  Table 1 ) has been identified (Cros et al., 1998; Maurin et al., 2007) as a hybrid between C. eugenioides (EC-Afr clade; ITS data) and C. liberica (LG/C clade; plastid data). Close examination of plastid sequence data for C. liberica var. dewevrei and C. heterocalyx cf. shows that the sequences of four plastid regions are almost identical, and thus this variety has been implemented as the closest parental taxon within C. liberica (Maurin et al., 2007) . Direct examination of ITS and plastid sequence data produced by Maurin et al. (2007) for C. arabica and C. heterocalyx cf. shows that sequence divergence from their progenitors is minimal, e.g. 2 or 3 bp differences for 3222 bp of plastid data, and 2 or 3 bp difference for 831 bp for ITS. Based on these data and restriction fragment length polymorphism (RFLP) results (Lashermes et al., 1999) , it has been assumed that C. arabica and C. heterocalyx cf. are of recent origin, although no dates of origin have been proposed. There are considerable differences between these taxa, however, as C. arabica is an allotetraploid species and occurs over a relatively large area in south-west Ethiopia and south-west South Sudan, and possibly northern Kenya (Davis et al., 2006) , whereas C. heterocalyx cf. is of unknown origin and is so far only known from cultivation. The use of ITS and plastid sequence data represents a coarse means of investigating hybridization, and in most cases provides only a preliminary level of understanding of hybrid origin, age and history. Nevertheless, our results for these two taxa provide a useful starting point for investigating the effects of hybridization on the phenolic accumulation in Coffea.
For C. heterocalyx cf., our results show that this taxon accumulates a similar [although significantly different (at P ¼ 0 . 05)] quantity of mangiferin (average 4 . 2 % d. wt) to C. eugenioides (average 5 . 7 % d. wt); C. liberica does not accumulate mangiferin. For the HCE data (Table 5) , there are no statistical differences compared with C. liberica var. dewevrei (Table 5 ; Fig. 5) ; conversely, C. eugenioides shows profound differences in 5-CQA, total CQAs and total HCEs (Fig. 5 ). This pattern does not precisely follow any of the reported scenarios for relative chemical concentrations of parental chemicals in first-generation (F 1 ) hybrids, reported either as absolute concentration or relative amounts (Orians, 2000) , that is: (1) similar to that in one of the two parental taxa; (2) intermediate between those of the two parental taxa; (3) overexpressed or present in higher concentrations than in either parent; (4) underexpressed or present in lower concentrations than either parent; (5) deficient, in that hybrids lack chemicals that both parents produce; or (6) novel, in that hybrids may contain chemicals lacking in both parental taxa. A better fit would be inheritance of different chemical profiles from each parent: mangiferin from C. eugenioides and HCE content from C. liberica var. dewevrei, or it could be interpreted as a mixture of scenarios: (1) for HCE accumulation and (4) for mangiferin content. Because plastids (and plastid sequences) are uniparentally inherited in flowering plants, our results, in combination with the available sequence data (Lashermes et al., 1997; Cros et al., 1998; Maurin et al., 2007) , could be used to argue that in C. heterocalyx cf., mangiferin and HCE accumulation is linked to independent parental influence, in agreement with studies on the accumulation of various secondary compounds in hybrids of other plant groups (Orians, 2000) . In Coffea, the indication that HCE and mangiferin accumulation are derived from independent branches of the same metabolite pathway, together with the absence of competition for substrate availability, would certainly not violate this assumption (see below: 'Correlation between HCE and mangiferin accumulation'). It has been demonstrated that maternal influence can be important in determining hybrid chemistry (Harney and Grant, 1963; Belzer and Ownbey, 1971; Spring and Schilling, 1990; Buschmann and Spring, 1995) . For example, Buschmann and Spring (1995) found that some sesquiterpene lactones were absent in Helianthus debilis Nutt. × H. annuus L. hybrids but present in H. annuus × H. debilis crosses, with each hybrid more similar to the maternal taxon.
The situation observed here for C. arabica is more complicated. Mangiferin accumulation in C. arabica (average 0 . 57 % d. wt) is approx. 10-fold lower than in C. eugenioides (average 5 . 67 % d. wt). HCE accumulation of C. arabica shares similar values with both C. canephora and C. eugenioides (Table 5) , and in these three species HCE amounts are much higher than in all the other Coffea species tested (Table 5 ). In the PCA analysis of the HCE data ( Fig. 5) , C. arabica falls between C. canephora and C. eugenioides, but clusters closer to the former, and is strongly influenced by 5-CQA content. The HCE profile of C. arabica, together with the presence of mangiferin, is consistent with the assumption that C. canephora and C. eugenioides are the progenitor species for this hybrid taxon. In a scenario following the model of hybrid influence in C. heterocalyx cf., we would assume that in C. arabica the ability for mangiferin accumulation was inherited from C. eugenioides, and its HCE chemistry from C. canephora, and this is weakly supported by mangiferin and HCE accumulation, respectively (Table 5 ; Fig. 5 ) This mode of inheritance is, however, far less convincing than for C. heterocalyx cf., given the intermediary of the HCE quantities and the 10-fold difference in mangiferin accumulation. An alternative scenario would be that the data represent chemical concentrations intermediate between those of the two parental taxa (Orians et al., 2000) . In addition, it is reported that F 2 and later generation hybrids are both qualitatively and quantitatively more variable than F 1 hybrids (Orians, 2000) , and this provides a third possibility, i.e. that early generations of C. arabica expressed HCE and mangiferin concentrations similar to the parental taxa, as in C. heterocalyx cf., and then divergence occurred through differential selection during subsequent generations. This model would not be concomitant with the sequence data (Maurin et al., 2007;  A. Davis, unpubl. data) , which shows negligible ITS and plastid sequence divergence between each hybrid and their parental taxa (see above), but this is not an issue given that most plastid and ITS markers lack the fidelity to discriminate the relatively short divergence times between tens, hundreds or even thousands of generations. Even though both C. arabica and C. heterocalyx cf. each possess only one parental ITS type (Lashermes et al., 1997; Cros et al., 1998; Maurin et al., 2007) , the time periods for homogenization to either of the parental ITS types can vary considerably within closely related groups, especially where allopolyploids are present (Pillon et al., 2007) . Moreover, ITS homogenization can be a rapid process (Ganley and Kobayashi, 2007) , and may occur in ,100 generations in natural hybrids (Franzke and Mummenho, 1999) , and Song et al. (1995) have demonstrated that extensive genome changes can occur during each of just five generations. Based on the information, and if we accept the third scenario for C. arabica as proposed above, the phenolic data presented here would support an older hybrid origin, with a greater number of post-hybridization generations, for C. arabica, compared with C. heterocalyx cf. This would agree with the relatively wide natural distribution of C. arabica (Davis et al., 2006) , and the fact that this hybrid taxon functions like a species. In comparison, C. heterocalyx cf. is only known from cultivation. The fact that C. arabica is an allotetraploid might have some bearing on its chemical inheritance, but so far the only conclusion made in this respect is that novel chemicals are more common in polyploid than diploid hybrids (Orians, 2000) . This effect was not revealed by our experiments. It should also be said that we examined a cultivated accession of C. arabica 'Laurina' (Bourbon Pointu), a genetic mutant of cultivated stock, and that the effects of mutation could have some influence on HCE and mangiferin accumulation. The possible influence of gene silencing (Van Moerkercke et al., 2009) on the modification of metabolite production is unknown, and warrants investigation, particularly in controlled crosses of Coffea taxa.
Correlation between HCE and mangiferin accumulation
We found no statistical correlation between mangiferin and HCE accumulation in Coffea, other than independent support for phylogenetic groupings of species (see above). Mangiferin biosynthesis occurs via the benzoic acid (BA) biosynthetic route that leads to the formation of benzophenone derivatives (Abd El-Mawla and Beerhues, 2002; Liu et al., 2003; Long et al., 2009 ). This route is a branching occurring at the cinnamic acid step of the general phenylpropanoid pathway common to most of the phenolic compounds, including HCEs. The lack of correlation between metabolite contents has been previously observed in Petunia hybrida (Hook.) P.L.Vilm. (Solanaceae). In this example, the independence of the metabolite pathways and the absence of competition for substrate availability have been shown to be caused by the silencing of a gene encoding 3-ketoacyl-CoA thiolase (PhKAT1), which is involved in the benzenoid biosynthetic pathway and the production of BA (Van Moerkercke et al., 2009).
The function of mangiferin in Coffea species
Mangiferin is a phenolic compound and, as such, one might assume that it is involved in a response to stress. The peripheral localization of mangiferin in Coffea plant organs, its association with photosynthetic tissue and its accumulation at early stages of fruit formation strengthen a hypothesis of a protective action against UV-radiation in Coffea, as suggested for Aphloia theiformis (Vahl) Benn. (Aphloiaceae), a Madagascan shrub that abundantly accumulates mangiferin in leaves when plants develop under high light conditions (Danthu et al., 2010) . Of the seven Coffea species (including the hybrid-derived species C. arabica, but excluding C. heterocalyx cf., which is of unknown natural origin) accumulating mangiferin, five are high altitude species or species that have high altitude populations, where high UV conditions might be encountered [altitude data from Davis et al. (2006) (400 -1650; 16 . 36 % d. wt) . Coffea sessiliflora (10 -600 m; 0 . 03 % d. wt) would be the only exception, although this is a predominantly lowland species and only accumulates very small amounts of mangiferin. The influence of altitude on mangiferin accumulation has been studied in the genus Swertia L. (Gentianaceae): S. mussotii Franch. showed a weaker mangiferin content when plants were artificially cultivated at lower altitude (Yang et al., 2005) ; whereas S. franchetiana Harry Sm. showed no altitudinal trend but instead a significant latitudinal and longitudinal correlation (Yang et al., 2004) . Measurement of ecological and geographical variables, including direct measurement of light levels on leaves, in conjunction with further biochemical analysis, would be necessary to test for mangiferin accumulation correlations in Coffea. The distribution of mangiferin-accumulating species within specific clades of Coffea may indicate that the onset of the xanthone pathway occurred independently in East-Central Africa and East Africa (EC-Afr clade and EA clade), and perhaps in predominantly high altitude clades, after the formation of the early diverging lineages in West and Central (Guinea/Congolian) Africa (LG/C clade and 'African Psilanthus clade') as identified by sequencing studies (Maurin et al., 2007; Davis et al., 2011; M. Nowak, unpubl data) . Further sampling of African Coffea species would be required to test these ideas; investigation of high altitude Madagascan species, such as C. buxifolia A.Chev. (1250 A.Chev. ( -2000 , should also be undertaken. The precise distribution and influence of mangiferin in leaves of the commercial species, i.e. the predominantly high altitude (950 -2000 m) C. arabica (0 . 56 % d. wt) and lower altitude [50 -600 ( -1500) m] C. canephora (0 % d. wt) would be a priority, particularly given recent interest in climate change mitigation using improved varieties of these two species (Camargo, 2010) .
The presence of mangiferin has also been cited for its antioxidant and antimicrobial properties and for its contribution to plant defence against biotic stress (Franklin et al., 2009) . A better understanding of the biosynthetic pathway of xanthones and their glycosylated derivatives is essential to determine the level of involvement of mangiferin in stress response. In particular, it would be necessary to isolate the genes controlling this poorly understood pathway to study their expression level in individuals, populations and species occurring in contrasting environmental niches.
Phenolic accumulation in Coffea leaves and fruits and implications for human use
The leaves and soft outer fruit layers of C. arabica and C. canephora are used to produce 'tea' (leaves) and coffee-like (outer fruit layers) beverages, particularly in Africa and Asia (Wellman, 1961; Wrigley, 1988) . This use is largely unpractised in Europe and America, although some specialist coffee and tea outlets sell limited amounts of coffee-leaf 'tea'. In Africa, a hot beverage made from the outer parts of the fruits ['skins' or 'husks', i.e . the fruit skin (exocarp) and soft, fleshy part of the fruit (mesocarp)] is referred to as Qixr or Kishr, and in Yemen a hot drink called Qishr is made from coffee husks and spices. In an early report, Sloane (1694) started that: ' . . . the Arabians themselves in summer heats use these husks [C. arabica] roasted after the manner of Coffee-berries, esteeming that drink more cooling, it being sourish to the taste.' Coffee husks are also widely used in Africa as a masticatory (Wellman, 1961; Wrigley, 1988; A. Davis, pers. observ.) . The food and health values of non-seed Coffea products is not well known. Early literature (Anonymous, 1876) suggests that coffee-leaf 'tea' has health benefits. Our findings, which show high levels of HCEs in the leaves of both C. arabica and C. canephora, would support the assumption of a beneficial influence on human health, given that research demonstrates high antioxidant potential for chlorogenic acids Stalmach et al., 2006; Parras et al., 2007) , which can prevent oxidative damage, cerebrovascular diseases, brain performance and mental health, ageing and cancer (Zang et al., 2003; Niggeweg et al., 2004; Jin et al., 2005; Mishima et al., 2005; Rajavelu et al., 2011) , and have potential for chemotherapy (Belkaid et al., 2006; Cos et al., 2008) . Like green tea and green coffee beans (Rajavelu et al., 2011) , the main phenolic constituent of coffee leaves is 5-CQA, although in certain Coffea species this is considerably exceeded by mangiferin. As said in the Introduction, mangiferin is recognized for its numerous pharmacological properties such as anti-inflammatory, antidiabetic, antihyperlipidaemic and neuroprotective activities (Garrido et al., 2004; Muruganandan et al., 2005; Campos-Esparza et al., 2009) . Information on the influence of consuming products made from the 'husk' of Coffea species is more elusive. It does seem compelling, however, that in C. arabica, where we demonstrate the accumulation of mangiferin in the husk and not the seed (endosperm), the former is sometimes used in favour of the latter in the production of a beverage, given that mangiferin has potential beneficial properties. We report higher levels of mangiferin in the 'husk' of C. eugenioides and C. pseudozanguebariae, compared with C. arabica, but have not been able to trace use of these species in beverage production or as a masticatory. Further research on the use and properties of coffee-leaf 'tea' and coffee-husk coffee would be worthwhile.
CONCLUSIONS
We have demonstrated mangiferin accumulation in seven African Coffea taxa: C. anthonyi, C. arabica, C. eugenioides, C. heterocalyx cf., C. pseudozanguebariae, C. salvatrix and C. sessiliflora. Previously the presence of mangiferin had only been detected in a single species, i.e. C. pseudozanguebariae (Talamond et al., 2008) . Histochemical methods show that in Coffea mangiferin is localized in leaves and outer layers of the fruit, in the same regions as the photosynthetic tissue. These data, in conjunction with published work on other mangiferin-accumulating species, and the systematic distribution of mangiferin in high altitude clades and species of Coffea, suggest an association with altitude.
Statistical analysis of mangiferin and HCE accumulation identified significant difference between species, and also provided the means to place samples into: (1) clades established on the basis of molecular phylogenetic analyses (Maurin et al., 2007; Anthony et al., 2010; Davis et al., 2011; Hamon et al., 2011);  (2) species-specific groups (with exceptions) agreeing with molecular and morphological delimitation; and (3) population groups (for C. canephora). It is clear that leaf phenolic data have considerable phylogenetic utility in Coffea, at a broad range of taxonomic levels. Combining phenolic data with larger, independent data sets, such as DNA sequence data sets, is likely to be especially rewarding. Knowledge of the spectrum of phenolic accumulation in leaves and fruits of coffee species and populations might be of significance for understanding insect herbivory, and environmental adaptation, including climate change mitigation.
Sampling of two known hybrid taxa, C. arabica and C. heterocalyx cf., provided an opportunity to make a preliminary assessment of the effects of hybridization on the phenolic composition of Coffea leaves. We suggest that mangiferin and HCE accumulation are controlled by independent parental influence, an assumption that is not a variance with the indication that these two groups of compounds are derived from independently regulated metabolite pathways. Further research with controlled crossings and their influence on phenolic accumulation in leaves, and seeds (beans), of Coffea could be of significant value for coffee breeding and crop development, including breeding strategies for climate change mitigation (Camargo, 2010; Jaramillo et al., 2011) .
The potential health benefits of coffee-leaf 'tea', and beverages and masticatory products made from the fleshy parts of Coffea fruit, are supported by our findings on the basis of high accumulation of phenolic compounds in coffee leaves, although the accumulated influence of these compounds in the human body would require further research.
